Abstract-In this letter, a new microstrip line to groove gap waveguide (GGW) transition has been proposed. The transition is based on a resonant cavity, which efficiently helps to couple the field from microstrip line to GGW. In this transition, the microstrip section is extended into the cavity without any requirement of contact with the GGW. Such contactless transition inside the waveguide is advantageous as it allows easy packaging and integration of millimeter wave circuitry with gap waveguide components such as filters and array antennas. Alumina ( r = 9.9) was used as the microstrip substrate for the proposed transition in this letter. Measured results for the V -band transition show a relative bandwidth of 26% for a return loss better than 10 dB. The maximum insertion loss of the manufactured back-to-back prototype is found to be 1.32 dB, which also includes the losses of a 5.45-mm-long microstrip line on an Alumina substrate. After subtracting the losses in the microstrip section, the losses in a single transition are found to be varying between 0.145 and 0.38 dB over the bandwidth.
I. INTRODUCTION
T HERE is a growing trend in utilizing millimeter wave (mmW) frequencies in various fields, such as telecommunication, automotive and transportation, health care, and defense. Such mmW technologies should be compact, portable, and self-configurable for easy installation in various places. However, there are several issues with mmW components and circuits. Usually, components and systems at mmW frequencies have high losses, and hence expensive waveguide assembly and fabrication techniques may often be required. However, it becomes very challenging to integrate RF electronics with the waveguide components by using the traditional wire bond or flip-chip-based interconnect technologies. This limits the extensive use of mmW conventional waveguide systems. Gap wave technology provides attractive solutions to overcome some of these limitations, which has been applied to high-Q bandpass filters [1] , packaging of MMIC circuits [2] , [3] , and high-gain array antennas [4] , [5] . Traditional methods of fabricating planar array antennas using microstrip and SIW are low profile and cheap but very lossy at mmW frequencies. Array antennas using rectangular waveguide needs to be fabricated in two separate metal blocks, and it is difficult to get a good contact between the blocks. Usually, the metal blocks need to be soldered, which reduces flexibility and increases production cost. Hence, the split block architecture of the gap waveguide is ideal for producing planar array antennas and can also be used for packaging of mmW circuitry. Integrating mmW circuitry into the gap waveguide components and array antennas will make the entire Tx/Rx module more compact. Beam steering and massive MIMO can be implemented by integrating MMIC-based active circuits into the feed network of gap waveguides array antennas. Compact Tx/Rx module, beam steering, and massive MIMO are some of the key features required for utilizing mmW for communication. Hence, designing a suitable transition from microstrip to gap waveguide is of immense importance. Several transitions have been designed so far for different gap waveguides: one by using pressure contact (55% bandwidth) in [6] , and another through EM coupling by overlapping quarter wavelength of ridge with patch (23% bandwidth) [7] . However, a pressure-based galvanic contact becomes extremely difficult for mmW frequencies and it could also damage the circuitry. The EM transition on the other hand was very sensitive and showed very-narrow-band performance.
In this letter, a new and robust groove gap waveguide (GGW)-microstrip transition using a resonant cavity has been proposed. The proposed approach is very different compared with the traditional rectangular waveguide-microstrip backshort transitions where the microstrip and the waveguide are in perpendicular planes [8] . Hence, traditional backshort transitions occupy more space, have limit to the maximum integrable substrate width, and have several packaging issues such as leakage [3] . In this proposed transition, the microstrip is inside the GGW, which provides a simple and compact solution for MMIC packaging and integrating mmW circuitry into the feeding network of gap waveguide array antenna. Such transition can be done with wide range of integrable substrate width.
II. PROPOSED TRANSITION AND SIMULATION RESULTS
The schematic of the proposed GGW-microstrip transition is shown in Fig. 1 and the details of the microstrip section is shown in Fig. 2 . The operating principle of the transition is based on the EM coupling through a microstrip probe and a resonance cavity. The proposed transition is composed of three sections: a metal cavity, input coupling section for the cavity, and the output coupling section for the cavity. The length of cavity is half wavelength (l c ∼ λ/2), which allows the fundamental mode to resonate inside the cavity. The depth of cavity is quarter wavelength (d c ∼ λ/4), which acts as a backshort [8] . A microstrip line with a tapered probe section is placed above the cavity, which couples the Q-TEM mode of the microstrip line to the cavity. This is considered as an input coupling section for the cavity. It is important to note that the part of the substrate, which is extended over the cavity, does not have a ground plane. Similarly, a narrow section Fig. 3 . S-parameters for two different back-to-back GGW-microstrip transitions, one optimized without using block and the final transition using a block just after the cavity.
of the GGW w p (formed by extending the first pair of pins just after the cavity) also couples the Q-TE 10 mode of the GGW to the cavity, and this section could be considered as the output coupling section for the same cavity. As seen in Fig. 1 , there is a block just after the rectangular cavity, which acts as a capacitive iris. Impedance matching between the GGW and microstrip line is achieved by tuning the dimensions of the cavity A tolerance test for return loss better than 10 dB with no significant change in bandwidth was also done. After keeping all the dimensions to its optimum value and changing only one dimension at a time, it was observed that the extension of the probe into the cavity (l e ) and width of the cavity (w c ) are the most sensitive parameters with tolerance level of l e ∼ ±30 μm and w c ∼ ±50 μm. Other parameters like d c and e p and the height of the capacitive iris (h b ) have ∼±100 μm tolerance level. It is also worth mentioning that the maximum substrate width w s should not be larger than half wavelength, otherwise higher order modes can be excited. If w s more than λ/2 is required, some additional pins from the top metal plate just above the substrate is needed. These pins suppress unwanted modes above the substrate and help to confine the waves only inside the microstrip [2] , [3] . In this proposed design, the width of the printed circuit board (PCB) is (w s = 1.49 mm) less than λ/2 and hence there is no leakage problem. mmW circuitry such as RF MMICs have typically high substrate permittivity. Hence, Alumina ( r = 9.9) substrate is considered for the microstrip line in the proposed transition. Initially, GGW-microstrip transition was optimized without the capacitive iris just after the cavity. However, the final transition was done by using the capacitive iris. Fig. 3 shows the S-parameters for the back-to-back GGW-microstrip transitions with and without the capacitive iris. One can see that the transition without the iris has better matching in a narrower band, whereas the transition with the iris has wider bandwidth for S 11 below −15 dB. Therefore, the transition with the iris is selected as the final one to cover the frequency range Fig. 4 . Manufactured GGW prototype with the PCB integrated inside the prototype. 
III. MEASURED RESULTS
The final prototype of the GGW-microstrip transition (with capacitive iris) was manufactured using a computer numerical control milling machine. The prototype was made in brass so that the PCB can be soldered to brass surface easily. The PCB was manufactured by standard photolithography process and the substrate used was alumina. Fig. 4 shows the manufactured prototype for the GGW-microstrip transition with the PCB integrated inside the GGW. The prototype has been measured with Agilent PNA (N522A) and VDI extender modules for V -band. The measured S-parameters are presented in Fig. 5 . The measured GGW-microstrip transition works for a frequency range of 56.7-74.1 GHz. As it can be seen from the plot, the measured results for the back-to-back prototype have shifted by 2.3 GHz toward high frequency and the S 11 level is slightly higher than the simulation. The reason for this was investigated, and on checking the dimensions of the manufactured prototype, it was observed that the manufactured cavity in the prototype was slightly smaller than the simulated dimensions. Apart from this, there are errors in alignment and placement of the PCB within the metal block, which also degrades the matching and hence may cause changed level of S 11 . The measured insertion loss as seen in Fig. 5 varies between 0.85 and 1.32 dB.
This includes the losses in the metal waveguide blocks and also the losses in the 5.45-mm microstrip line. The losses in the microstrip line with alumina substrate has been experimentally found out to be 0.103 dB/mm in [3] . After taking away the losses in the microstrip line, the loss for single transition varies between 0.145 and 0.38 dB. The measured transition loss is more than the simulated transition loss (single transition ∼ 0.055-0.155 dB), which is attributed to the degradation of metal conductivity due to surface roughness, which was not taken into account in simulation. Also, tanδ of the alumina substrate used in simulation was taken from datasheet where it was specified at 10 GHz. In reality, the tanδ is higher at mmW frequencies. However, the overall measured S-parameters were in acceptable limits and in reasonable agreement with the simulated results.
IV. CONCLUSION
A novel microstrip to GGW transition has been proposed in this letter. This transition utilizes a resonant cavity of depth λ/4, which helps to couple the fields from the microstrip line to the GGW. This transition is compact and the microstrip lies inside the GGW structure. Hence, this letter provides a good solution for packaging and integration of mmW circuitry in the feed-network of gap waveguide array antennas. The proposed GGW-microstrip transition had been manufactured, and the measured results are in reasonable agreement with the simulated results. This novel transition scheme is very suitable for a multifunctional MMIC integration, and the integration can be performed without the need of RF bonding or flipchip interconnection, which is a big advantage compared with the nowadays state-of-the-art technique.
